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to 30 meters. We expect the more robust UWB systems

Abstract— With rapid developments in wireless sensor to perform better than this, the wideband nature of the
networks, there is a growing need for transceiver position pulses allows us to determine the arrival times in a
estimation independent of GPS, which may not be available correlation filter more precisely than in narrow band

in indoor networks. Our approach is to use range estimates t = le. in UWBVst d | d at
from time-of-flight (TOF) measurements, a technique well Syslems. For exampie, In ystems developed a

suited to large bandwidth physical links, such as in ultra  LLNL, the radiofrequency (RF) pulse duration is only
wideband (UWB) systems. In our UWB systems, pulse about 200 piceseconds. Hence, the arrival time of the
duration less than 200 psecs can eagibe resolved to less pulses can resolved to less than a foot.
than a foot. Assuming an encoded UWB physical layer, we | this work, we first assume a higrecision ranging
first test positioning accuracy using simulations. We are o ponicm such as UWB and wamulate position
interested in sensitivity to range errors and the required . . S
number of ranging nodes, and we show that in a high gstlmat|0n for a set gf communicating nodes. We next
precision environment, such as UWB, the optimal number implement the technique on actual 802.11 hardware to
of transmitters is four. Four transmitters with +20ft. range  test the capability in a loyprecision environment. This
error can locate a receiver to within one or two feet. We paper is a discussion of our simulation investigation on
then implement these algorithms_ on an 802.11 wireless high-precision mde positioning from TOF data and our
network a'nd demonst_rate the abilty to locate a network low-precision implementation on an 802.11 network.
access point to approximately 20 feet. For the highprecision simulations, a network consists
of transmitter and receiver nodes distributed randomly in
o a 100m x 100m area. Transmitters have known pasitio
I N many sensor _ne_twork applications, Slj'Ch %jia satellites or some other method, receivers have
environmental monitoring of ground water or airbomenynown position.  Transmitters determine receiver
chemicals, firefighters in buildings, or soldiers in Caves sition through timesf-flight ranging and information
it is important to knav the position of the network nodes. sharing. By simulating ranging in this scenario, we can

Range estimation from TOF data bEtV"eehtiescribe the relationship between remggaccuracy and

co_mmunicating _nodes i§ particularly attractive Wherbosition estimation accuracy, the improvement in
using shorduration or higkirequency pulses such as position estimation with additional transmitting nodes,

UWB systems, and to a lesser extent for wireless IOCaAnd the benefit of using a “ranged” receiver node as a

area network linksin the 2.4 and 5 GHz bands. For oo qgransmitter. Interested readers are referred to our
example, from radar theory, the root mean square (fMpterences for a me extensive survey of current

range error in meters is given by [6]: research in this area

_° In the 802.11 implementation we address the need for
BW V/SNF (1) network security where an access point may be providing
where BW is the bandwidth of the pulse, SNR is theconnectivity to unapproved users, transmitting unwanted
signal to noise ratiotethe receiver, and c is the speed ofdata, or otherwise acting in a n@ompliant manner, and
light, 3x108m/s. For bandwidths of 10 MHz, 100 MHz,we seek to locate its position. Experimental limitations
and 1 GHz (corresponding approximately for 802.11bfequire us to address only the inadvertent violator
802.11a, and UWB systems), the rms range errors aggenario. In a real world application, we could use
3m, 0.3m and 0.03m, respectively, for an assumed SN§ystemlevel transactions allowing utility in a more
of 20 dB. We cannot expect to achieve this accuracyostile environment Assuming all nodes communicate
here, as we are using standard communication protocolth each other via an access point, and the 802.11
and not dedicated radars, so we expect our range errgignals propagate through walls, a range measurement
to increase one to two orders of magnitude. The ranggetween a node and an access point is proportional to
errors for an 802.1-A link can then be anyvene from 3 their distance. The transaction we choose is the PING.

. INTRODUCTION

OR~
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The vesion distributed by the Microsoft Corp. measuref measurements within a fixddngth time window in a
time-of-flight in msecs; instead of this, we use a versiodinear model, and weights them according to their inverse
where trip delay is given ipsecs, hrPING distributed by variances. As each new measurement arrives, we
cFOS Corp. in pnmqgk. o calculate the new variance and find,Rour biasfree

/ 4,7 range estimate, from the most reteat of measurements
7% A0
EZ/@ 0

; within our time window
In the 802.11 hardware environment, the ranging

] e transaction PING is subptimal for several reasons.
i First, PING is a higHevel protocol and a lowpriority in
10} the CPU stack; thausecs spent doing “other thisg
] / reduces the accuracy of the time of flight measurement.
’ AT ; . , .
- A %7/7@7/7 S Second, it requires full cooperation from the receiver,
Figure 1. In the MATLAB GUtbased software the user designates anullifying an obvious application to locate an “out of
network of transmitters and receivers and simulates the network iﬁompliance" network node. If a node were maliciously
ranging, filtering, data management, and position estimation. out of compliance, we assumenitill not respond to a
PING request. We must then assume that a-non
compliant node is acting unintentionally, and propose a
We  developed a MATLAB  GUbased f,yre solution to both problems by replacing PING with
communication and simulation package for two goals: tQ <ommunication protocol on the physidayer to solve
simulate virtual networks of transmitters and receivergpy  stack delays ah potentially allowing

where the user specifies the error associated with the \munication in a noooperative environment
ranging transactions, and to act as anriiaiee on a real |

network of transmitters and receivers. Both goals requirg, | k v
a ranging mechanism, a data sharing communicatiol£ %ﬁ:; !
infrastructure, and position estimation algorithms. A=, @

screenshot of the interface is shown in Fig. 1. Theg
software simulates (ithe UWB case) or implements (in g { '

s,

497

Il. SOFTWARE INTERFACE

imber of Occuran
= B=A~]

L S\ SR, S N i
the 802.11 case) actual ranging, maintains th« 0 | 2

10 15 20 25 30 35 40 45 &0 0 05 1 , 15 2 25 3 35
1

communications infrastructure, measurement filtering S i PETIERT
and information sharing allowing position estimation.  Fig. 2. The histogram filtering takes the noisy data in (a)(i) and
Using the simulation environment, we quantified theemoves the outliers, keeping only the first subset of data in (b). The

relationship letween transmitter ranging accuracy andesults arein (a)i). _ _
receiver position estimation accuracy, the level of Every PING issued by a transmitter results in a batch

improvement  with  additional  transmitters andof replies noting the elapsed time. As each batch arrives

determined if a “located” receiver can act as a “pseudd"€ Sénd it through two stages of filtering to extract the
transmitter” to improve the position estimate of othef®@! PING time. In the first filter stage, we distribute the
receives. In the hardware environment we implemented/at@ in a histogram of 10@sec width bins. The data in
the technique on a wireless 802.11 network to test tHe'd- 2(@)(i) is shown in a Histogram in Fig. 2(b), where
capability of ranging and positioning. the prlmgry s_ubset, OI’"“fII’St hu_mp" is extracted and re
plotted in Fig. 2(a)(ii). This stage removes the

A. Range Measurement Error disproportionately large spikes in the data of Fig. 2(a)(i),

An UWB TOF range measurement will include errorleaving the data within a range of approximately 100
from several sources. Neither signaulti-path, nor 300us, as opposed to the original 5ms range.
receiverprocessing time can be predicted precisely. We The second filter stage is a recursive weighted least
model this error as a uniformly distributed constant andquares estimator, chosen for it's ability to predict a the
assign to our simulated range measurements a randdroe value of a variable given sequential dias of
measuremenrbias within ranges of + 5ft., + 10ft.,, etc.  “noisy” variable measurements over time. The filter

The measurenm-bias models the process error in aworks recursively byupdatingthe leastsquares solution
real system, and we assume, a filter used eliminate tladter every new batch of data arrives. For the PING
measuremerttias would also eliminate process errorissued at th&™ sampling interval, we receive a batch of
We continuously collect range measurements and filteh new measurementg, , and we estimate the PING
them using a weighted least squares filter. It takeset
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time at the next intervak., , and call it Z.,,. To estimated receiver distances in multiple PT equations

solved simultaneously to minimize equation error in a

leastsquares fashion. A minimum of three transmitters,
1t and the corresponding three” Rmeasurements, is

z, =Hx, +n, where H=|i (2)(3) .requwec_i for a unlqueepelver_p03|t|on. Two are shown

1t in the figure, b_ut a mirror trlangle_ could be calculateq

placing a receiver alternate outside of the concentric

The matrixH defines the system type, we assume a-firstcircles, thus three transmitters eliminate ambiguity. It is

order system of constant velocity, and the vectpis the important to note that a solution to the position
residual measurement error. If we knew the valuggf estimation problem is possible even in the case of large
we could solve forZ,; , the PING estimate at the next Fange measurement error since the algorithm in [7] acts
measirement. The WLS solution to (1) is T{O find the Ieas_t squares solution, or the one that results

R =Ry +K 4 (2 —HZ\ ) 4) in the overall mln!mlzat|on_of gquatlon error.

o i o ) All transmitters maintain the rgie measurement
which is the estimate ok that minimizes a quadratic jnformation between themselves and all receivers in the
cost_functlon qf residual error. A th_orough d_envatlon ofetwork. They share only the filtered range
(4) is found in [8]. The solution consists of the peasyrements with the other transmitters. Once a
previous estimate piuthe residual error scaled by a gainy ansmitter has range measurements between a receiver
matrix. The gain matrix is and three separate transmitters,ciin independently

Kg=PHT(HPHT +R )™ (5) calculate the receiver's position estimate using the

where P, is the error covariance matrix representingechnique in Fig. 3.

the error after théth estimate.

Pe=(Ps +HTRTH)™ (6)
Finally, we presume some of our amurements are
better than others, and we define a “weighting matRy”
proportional to each new measurement’s variation from
the previous estimate, or
Ny=1®z,-12,, and R} :(N{Nk)’1 (7
where the operato® is the elemenby-element product

achieve this, we assumg, takes the form

of the measurement vectay with the identity matrix, ﬁtmm

reSUItmg in a diagonal matrix of measurement Value%igure 3. In this graphical representation of the clef®dh least
The weights “reward” the samples that are more closelytjuares position estimation method developed in [7], the range
equal to the previous estimate in a feedback sense. Tlijgasurements from multiple amsmitters are combined using the

. . . - Pythagorean Theorem for an estimate of position.
processing redts in a single scalar new estimate of ythag P

roundtrip flight time, R'.
p g lll. RESULTS

B. Generating Position Estimates During a highprecision simulation, the position

The MATLAB software maintains  a estimate of a receiver typically converges to and remains
communications infrastructure to allow the transmitterat a settled value after 1000 timesteps (one minute of
to share their most current WHtered range estimates, sanpling at 10ms). To insure convergence, we run all
R, assoiated with each receiver. Recall the rangesimulations for approximately 3000 timesteps. We
estimate is simply the roundip TOF filtered using the generate hundreds of random networks for each
methods detailed in Sect. lla and multiplied by theexperiment, and we take the final, converged value as the
velocity of the signal (the speed of light). With enoughPosition error associated with the network.

R'’s, a position estimate is calculated usitig closed A. RangingAccuracy and Additional Transmitters
form method detailed in [7]. A graphical representation o .
To measure the effect of additional transmitters on

of the method is shown in Figure 3, where the R__ ..

. . . ﬁ)OSItlon error, we use 100 random networks of the
measurements from two transmitters are combined in the. . . . .

. . . minimum size, three transmitters and one receiver, and
Pythagorean Theorem (PT) to find receiver position. We

combine the known transmétt positions and the We simulate each with a small uniformly distributed
P range mesurement error (x20ft.). We then calculate the
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average and standard deviation of the converged valuail one receiver, five transmitters and omeceiver, and six
across all of the 100 networks and repeat the test whif@"smitters and one receiver.

varying the number of transmitters from three through B. PseudeTransmitters

nine. The results are compiled in the @bar plot of  Once a receiver has been “located,” we are interested
Fig. 4 with mean position error and standard deviation & ysing it to improve the position estimate of another
a function of number of transmitters. By increasing thgeceiver and thus consider it gseudetransmitter In
number of transmitters to four, mean position erroghs case, there iso difference between a transmitter and
decreases by nearly 20ft., and measurement confidenggeiver (save the three dedicated transmitters needed for
increases (with a stalard deviation decrease) by nearlypcation and orientation reference). We test this idea
60ft. Increasing the number of transmitters to fiveysingN real transmitters anM pseudetransmitters, and
however, shows little additional improvement. Foufye find that pseuddransmittersdo not improve the
transmitters independently ranging a receiver with +20ftyosition estimate of a receiver as do real transmitters;
accuracy can locate its position within less than 5tt. instead, they introduce an undamped oscillation  that
worsens with additional pseudmnsmitters. We test

L T this by varyingN = [3,...,6] andM =[1,...,6] and find all

i ] cases similar to that shown Fig. 6 whereN =5 and M
£ = [1, ..., 4. As the number of pseudoansmitters
EZ" increases, so does position error. The pseualasmitter
; 0 i === == | doesadd knowledge to the system, however with the

slightest amount of error (here +10ft.) the system

becomes unstal
40 1 50

20

0 1 2 3 4 5 6 7 8 9 10
Number of Transmitters

Figure 4. The mean and mean + STD were collected for networks
ranging from three to nine transmitters and one receiver. All networks
assumed a +20 ft. range measurement error. Four transmitters
dramatically reduce both mean and standard deviation.

In Fig. 4 the range measurement error is centered
between +20 ft., and four transmitters provide optimal l
position accuracy. In Fig. 5 we present data collected by

varying range measurement error along with number of - o
5

. . . 6 7 8 9 10
transmitters to find an overall cotetion between the Number of Tx + P-Tx

three. Confidence in four transmitters, rather than threé&jgure 6: We use five transmitters and vary the number of pseudo
is valid only when range measurement error is keﬂfansmitters to show that pseuttansmitters add instability to the

. . . system in the presence of external error, here it is a 10 foot range
below +60ft. Above this, additional transmitters ar€yeasurement error.

40 T

w
=]

Position Error {ft.)
= [X]
o o
—

o

2%
o

necessary. .
120 . . . ‘ ‘ . C. Implementation results
100} [ FourTransmitters T | A representative example of the results from our
il | s | 802.11 implementation is shown in Fig. 7. All data was
£ collected in an office building where walls and metal
L'UE . 1 filing cabinets create plenty of signal reverberation.
5 a0 ] 802.11b in this environment gave too lkttvariation in
8 20 8 1 our us measurement resolution to be useful. 802.11a
°- T=L® . . .
§ of puikW | | however provided large error, but with enough variation
= o8 i between range measurements to be usefully incorporated
. | into a position estimate. Range measurement error using
o 802.11a varied up to 60% of the totaisthnce, yet a
o 40 60 80 100 120 140 160 position estimate could still be provided which was
Mean Range Measurement Error (ft) within 20 feet of the real position. An example of this is

Figure 5. We are interested in the effect additional trattens, but ~ shown in Fig. 6. The ability to predict position with such

also the effect of an increased range measurement error. Theéehigh range measurement error is due to signal filtering
errorbar plots of mean and standard deviation show the impact on

position error by varying both of these factors with four transmitters!" combinaion with the powerful position estimation
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algorithm developed in [7], and tested extensively in [5][2] F. Dowla, A. Spiridon, D. Benzel, T. Rosenbury. “Ukvédeband

; mmunication,” FY02 Engineering technology Reports, Vol. 2,
The algorlthm can handle Iarge measurement errors %agnoratory Directed Research and Development, UGR86802, pp.

long as additional measurements are introduced. 4, 2003.
20ft Eriory [3] D. Estrin, L.Gilrod, G. Potie, and M. Srivastava, “Instrumenting
, : the world with wirelesss sensor networks,” in Proc. IEEE Int. Conf.
Acoustics, Speech, Signal Processing, vol. 4, pp. 22383, Salt Lake
o Tx2 City, Utah, USA May 2001.

[4] C. Kent, P. Atwal, W.Lennon, F. Dowla, “Position Estimation of
Access Points in 802.11 Wireless NetwatkBechnical Report
UCRL-JRNL-20193Q Lawrence Livermore National Laboratory,
October 2003.

[5] C. Kent, F. Dowla, Position Estimation of Transceivers in
Communication Netorks,” Technical Repot/ CRL-JRNL-201075
Lawrence Livermore National Laboratory, October 2003.
[6] M, Skolnok, “Introduction to Radar Systems,” McGraill
Book Co., 1962, pp. 46870.
[7] J. Smith and J. Abel, “CloseBorm LeastSquares Source
Location Estimation from Rang®ifference MeasurementsiEEE
Transactions on acoustics and Speeati. ASSR35, no. 12, pp.
16611669, 1987.

R.F. StengelOptimal Control and EstimatiofDover
Publications, New York, 1994).
[9] M. Uchida, et., al., “A \khicleto-Vehicle Communication and
IV. CONCLUSION Ranging System Based on Spread Spectrum Technitfi€R Vehicle

. Navigation & Information Systems Conference Proceedih§94.
Our research has been successful in not only g y ding

uncovering answers to our initial questions, but also
laying the foundation necessary to implement our
algorithms using recently available UWB radio
hardware. ~ Our MATLAB software package runs
smoothly and is easy to use. We have tested thousands
of random networks without algorithm error, and data
collected from these tests has led to interesting insights
Four transmitting nodes in a network, rather than three,
considerably improve the position estimate of a receiver.
When operating with a + 10ft range measurement error
they average a position estimate accurate to within 3ft.
Above four, however, therss little improvement. Using
receivers as pseudoansmitters does not improve the
position estimate for other receivers, as originally
predicted. We have also quantified these dependencies.

|

Figure 7. The results from the implementatioroshthat a meaningful
position estimate can still be calculated with 50% range measurem
error.
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